We describe the first observation of spontaneous Raman emission, stimulated amplification, and lasing in a SiGe waveguide. A pulsed optical gain of 16dB and a lasing threshold of 25 W peak pulse power (20 mW average) is observed for a Si 1-x Ge x waveguide with x=7.5%. At the same time, a 40 GHz frequency downshift is observed in the Raman spectrum compared to that of a silicon waveguide. The spectral shift can be attributed to the combination of composition-and strain-induced shift in the optical phonon frequency. The prospect of Germanium-Silicon-on-Oxide as a flexible Raman medium is discussed. 2384-2386 (2004). 16. R. People, J.C. Bean; "Calculation of critical layer thickness versus lattice mismatch for GexSi1-x/Si strained-layer heterostructures," Appl. Phys. Lett. 47, 322-324 (1985). 17. G.P. Agrawal, "Nonlinear fiber optics," Academic Press (1995) 18. M.I. Alonso, K. Winer; "Raman spectra of c-Si1-xGex alloys," Phys. Rev. B 39, 10056-10062 (1989 133-138 (1970).
Introduction and motivation
In the past three years, nonlinear Raman processes in waveguides fabricated on a silicon-oninsulator (SOI) platform has received significant attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This approach has achieved great success, with the recent reports of up to 20 dB of Raman gain in pulsed-pumping mode [10] , a 3 dB gain in cw pumping mode [12] , and pulsed [4] and cw lasing [5] . In addition, wavelength conversion between the technologically important bands of 1300nm and 1550nm has been demonstrated using the Coherent Anti Stokes Raman Scattering (CARS) phenomenon [6, 7] . However, spectral limitations of the Raman Effect in silicon are unavoidable in the SOI platform. In the case of Raman amplification, the limited bandwidth of the spontaneous Raman signal from silicon (105 GHz) makes it unsuitable for its use in broadband WDM applications, unless multi-pump schemes are implemented. Also, the large wavelength shift between the pump and the Stokes fields renders phase matching difficult to achieve, hence resulting in low wavelength conversion efficiency for the CARS process.
The introduction of germanium in the overall scheme of nonlinear Raman processes in silicon offers new avenues for tailoring the device characteristics. In particular:
The strain caused by the difference in the lattice constants of Si and Ge along with the composition effect, provide mechanisms for tuning the Stokes shift associated with the dominant Si-Si (500 cm -1 ) vibrational mode [13] . In addition, the presence of Si-Ge modes (400 cm -1 ) and Ge-Ge modes (300 cm -1 ) provide flexibility in pump and signal wavelengths.
(ii) Spectral broadening can be achieved by via graded Ge composition.
The strain resulting in birefringence [14, 15] can provide an addition degree of freedom for phase matching in the wavelength conversion process. Stress also results in broadening of the gain spectrum, via splitting of the degenerate optical phonon modes. (iv)
When grown on an SOI substrate, the use of double cladding in the vertical direction can improve fiber-waveguide coupling efficiency. (v) Higher carrier mobility, and hence diffusion constant, in SiGe reduces the effective lifetime in the waveguide. This reduces the losses associated with the free carriers that are generated by Two Photon Absorption (TPA). However, this benefit will be countered by the higher TPA coefficient in GeSi.
Waveguide design and fabrication
The platform used to perform the experiments reported here is a Silicon-Germanium-onInsulator (SGOI) structure with a 1.0 µm buried oxide, a 2.0 µm Si film, a 0.7 µm layer of Si .92 Ge .08 alloy, and a 0.4 µm Si cap layer. The structure was prepared by Chemical Vapor Deposition (CVD) under nonequilibrium growth condition [16] . The SiGe layer was characterized by Secondary Ion Mass Spectrometry (SIMS) analysis, which indicated a Ge content of 7.5% ±0.5. The waveguide formed via photolithography and Deep Reactive Ion Etching (DRIE). The rib width was 4 µm and the etch depth was 1.4 µm. The modal area of the waveguide was calculated to be A ef f = 5.5 µm 2 using the Beam Propagation Method. The propagation losses are estimated to be 1dB/cm.
Experimental results
The spontaneous Raman signal measured from the SGOI waveguide is shown in Fig. 1 . The pump is a CW cascaded cavity fiber Raman laser with a linewidth of ~ 1nm. The measured Stokes Raman peak is overlaid with the Raman signal from an SOI waveguide for comparison and clearly shows a down-shift effect of 45 GHz for the SGOI waveguide. A broadening of approximately 25 GHz at FWHM is also observed. A series of pulsed-pump measurements of stimulated Raman amplification were performed using the experimental setup outlined elsewhere [4, 10] . Pulsed pumping is employed because of high peak powers that can be attained and to minimize the accumulation of TPA generated free carriers [3] . The pump pulses had 30ps width with 25MHz repetition rate and were centered at 1539nm. The signal laser was CW and was centered at 1673nm. Figure 2 shows the change in the signal power caused by the Raman interaction with the pump. The peak gain of 16dB is obtained at the average pump power of 46mW. Figure 3 shows a plot of the measured gain as a function of the peak pump pulse power. The spectrum for Stimulated Raman Scattering (SRS) was measured by tuning the signal wavelength in the presence of a fixed pump wavelength (1539 nm). The temperature-tuned signal source was a DFB laser with a linewidth of ~ 10MHz. Figure 4 shows the results for the SGOI waveguide compared to that from an SOI waveguide. The data indicates a Stokes down shift of 37GHz, in good agreement with that observed in the spontaneous data of Fig. 1 . The above described results for pulsed Raman amplification show that the net gain after the loss in the system (including the coupling losses) was ~5dB. With the objective of creating a lasing device, a cavity was built across the waveguide using a fiber loop, as described elsewhere [4] . The length of the fiber (~8m) was chosen to match the repetition rate of the pump laser. Figure 6 shows the output Stokes power (average) of the Raman laser obtained using a 2% tap coupler from the laser cavity, as a function of the input pump power (average).
A linear fit to the data is also shown. The laser threshold is measured to be 20mW average pump power (25W peak power).The saturation of the Stokes emission is due to the EDFA nonlinearities which broadened the pump spectrum. The pump spectrum begins to broaden in the fiber patchcords and EDFA at about 35 mW average power (45 W peak pulse power). Because of the narrow gain spectrum of Raman in silicon (~ 100GHz) this results in a lowering of the Raman gain coefficient [4] . The possibility that the observed lasing is caused by stimulated Raman amplification in the fiber loop can be readily rejected based on the negligible gain in the short length of fiber. Based on the known Raman gain spectrum of fiber [17] the optical gain in the fiber loop is 0.3x10 -13 m/W corresponding to a total gain of 0.35 dB at the threshold pump power. This is negligible compared to the measured round trip loss of 13dB, and hence cannot account for the observed lasing characteristics. Figure 7 shows the critical layer thickness for SiGe alloy as a function of the Ge concentration [16] . This limit applies to layers prepared under nonequilibrium growth condition [16] which was the case for our devices. For the structure with 7.5% Ge as used in our experiments, the maximum thickness of a layer that can be grown, defect free, is approximately 1000nm. The 740nm thick film in the waveguide is below this limit and hence is coherently strained. For strained semiconductor alloys, there are two contributions to the Raman Stokes shift, namely the strain effect, and the composition effect. The compositional shift has been attributed to increase in the average mass of Si due to surrounding Ge atoms, resulting in the lowering of the silicon optical phonon frequency [18] [19] [20] [21] . The strain effect is caused by the change in the restoring force caused by the change in steady state ion displacement [21] [22] [23] . Down shift of the Raman spectrum to a lower wavelength has previously been observed in spontaneous backscattering from SiGe alloys, and has been attributed to the combination of compositional-and strain-induced effects [18] [19] [20] [21] [22] [23] . The compositional effect can be modeled as [20, 21] ,:
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Discussions
Where, x, is the concentration of Ge in the alloy (Si 1-x Ge x ). Equation (1) renders a value of -4.87cm -1 (145 GHz) for the shift of the Si peak in a 7.5%, Ge alloy. The net shift is however lowered by the presence of strain.
The Strain-induced shift of the Raman frequency of the Si-Si mode in the SiGe alloy, which is compressively strained, can be modeled as [21] :
Here, Σ refers to the normalized Strain ( x ≈ Σ ) and the coefficient ∆ has an average value of 29cm -1 [21] . Based on the alloy composition in our waveguides (x = 7.5%), we calculate a strain induced shift of +2.17cm . This is approximately ~50% larger than the measured value of -1.4 cm -1 . This difference can be attributed to the fact that not all optical power is confined within the SiGe alloy, as described below.
For a coherently strained Si 1-x Ge x alloy, the refractive index is given by
. Ge profile measured using SIMS technique is shown in Fig.  8 . Also shown is the mode profile obtained using the mode matching technique (FIMMWAVE TM ). While the mode is centered in the GeSi alloy, the small index contrast between the alloy and the silicon cladding layers, gives rise to a long evanescent tail extending into the lower cladding layer. This accounts for a smaller shift in the measured Raman peak, compared to the situation where the light is entirely confined in the alloy. The combined contributions of the pure silicon and the alloy spectra caused by the distributed mode profiles will also result in broadening of the Raman peak due to the spectral overlap of the Si and SiGe resonances. Another source for broadening could be the splitting of the triply degenerate TO-LO optical phonon modes. Splitting of the triply degenerate TO-LO optical phonon mode induced by uniaxial stress has been observed in semiconductors with diamond crystal structure [25] . It occurs by the degenerate phonon mode splitting into a singlet, polarized along the direction of crystal growth, and a doublet, formed by the two phonon modes polarized along the plane orthogonal to this direction. 
where p and q are the phonon deformation potentials for silicon: p/ω 0 2 = -1.2, q/ω 0 2 = -1.8 [26] , and s ij are the reduced compliance tensor components: s 11 = 76.8, and s 12 = -21.4, in units of 10 -14 cm 2 /dyne [13, 26] . The strain for a, x = 7.5%, Si 1-x Ge x alloy layer can be assumed to be: e 1 = e 2 = 0.0416 × 0.07, where 1 and 2 denote the two orthogonal directions along the plane of the alloy layer. The compressive stress component in the plane of the alloy is given by [26] , GPa 529 . 0 ) /(
This suggests a splitting between singlet and doublet modes of, Ω s -Ω d = 0.84 cm -1~ 25 GHz, which agrees well with the observed broadening of the Raman peak. However, we note that further study on samples with different Ge concentration, alloy thickness, and higher resolution spectrum measurements are required to draw a precise quantitative conclusion about the spectral shift and broadening. In addition, the role of the nonuniformity in the Ge content, as observed in Fig. 8 , on the spectrum broadening must also be quantified. 
Summary
In summary, we have reported the first observation of spontaneous Raman emission, stimulated amplification, and lasing in a SiGe waveguide. A pulsed optical gain of 16dB and a lasing threshold of 25W peak pulse power is observed for a Si 1-x Ge x waveguide with x=7.5%. At the same time, an approximately 40 GHz frequency downshift is observed in the Raman spectrum compared to that of a silicon waveguide.
